In a fluidized-bed porous carrier system, organic carbon and nitrogen in wastewater can be removed simultaneously. However, the excess sludge generated in the system has not been focused on. On the other hand, a membrane system can separate suspended solid from treated water and retain slowly growing microbes such as nitrifiers in the aeration tank. Porous carrier and membrane hybrid system with these respective advantages has been studied to enhance the nitrogen removal efficiency. In this study, the hybrid system was investigated to compare with a conventional carrier system in terms of the nitrogen removal rate from complex artificial wastewater (CAW) containing polypeptone as a nitrogen source. Moreover, the amounts of excess sludge generated in both systems were evaluated.
Introduction
For years, biological carbon and nitrogen removal has been carried out in wastewater treatment processes. It is well known that nitrogenous compounds and phosphorous compounds cause eutrophication problems in rivers or lakes. Recently, the emission of nitrogenous compounds in the effluent has been heavily restricted in terms of environmental conservation. The conventional biological process for nitrogenous removal is composed of aerobic nitrification and anaerobic denitrification. In this process, at least, two reactors are required for the aerobic and anaerobic conditions. Moreover, to remove the nitrogenous compounds, a hydraulic retention time (HRT) should be longer for holding of slow-growing nitrifiers (Rittmann and Sneoeyink, 1984) . To simplify the system and/or to minimize the space, the process with microbes immobilized in porous carriers has been successfully applied to a fluidized bed reactor (Sakairi et al., 1996; Matsumura et al., 1997) . The multifunctional microbial reaction such as simultaneous removal of carbonaceous and nitrogenous substances from wastewater was carried out in this process (Xing et al., 1995) . However, a separation process of suspended solids (SS) from the effluent is needed to this process. Most SS are treated as excess sludge, while few of them are recycled into the aeration tank as a return sludge. Nowadays, the emission of excess sludge has been also problematic in terms of space limitation for landfill, dioxin emission in incineration, and so on. Considering these problems, the method for the reduction of excess sludge has been developed (Rocher et al., 1999; Engelhart et al., 2000; Sato et al., 2001) . Some physicochemical or biological methods can be applied to cell degradation (Middelberg, 1995) .
On the other hand, a membrane system can separate SS from treated water and retain slow-growing microbes such as nitrifiers in the aeration tank (Muller et al., 1995a (Muller et al., , 1995b Yamagiwa et al., 1998) . However, there is little anaerobic region to denitrify in the membrane system because of thin biofilm. Therefore, we developed a porous carrier-membrane hybrid system for wastewater treatment by introducing the membranes to the fluidized bed reactor with porous carriers (Jun et al., 2003) . It was clarified that the carbonaceous and nitrogenous substances could be more effectively removed in this hybrid system.
In this study, the nitrogenous removal from two different kinds of wastewater including the various forms of nitrogen was investigated in the hybrid system. Firstly, the complex artificial wastewater (CAW) containing polypeptone as a nitrogen source was assumed as the wastewater derived from a food factory. Polypeptone is composed of soluble substrates, such as polypeptides, oligopeptides, and amino acids. Secondly, the artificial wastewater containing urea as the nitrogen source (UAW) was regarded as the conventional domestic wastewater. The amount of generated excess sludge was also examined in the hybrid system and in the conventional carrier system without membrane. The hybrid system is expected that the microbes at high concentration in the reactor will increase the microbial autolysis rate and lead to the reduction of the excess sludge. The nitrogen removal efficiency and excess sludge formation in the hybrid system have not been reported. It is desirable to evaluate the availability of the hybrid system concerning the nitrogen removal and reduction of excess sludge in various wastewater treatments.
Experimental

Materials and reactor preparation
The apparatuses for the carrier suspending system without membrane (CS) and the hybrid system of porous carrier and membrane (HS) were shown in Fig. 1. Figures 1(A) and (B) indicate the diagram of CS made of acrylic resin containing suspending porous carriers of polyurethane and the diagram of HS, where membrane modules were installed into the apparatus of the CS (Fig. 1(A) ), respectively. Porous 15-mm polyurethane cubes (specific gravity: 3 × 10 4 g m -3 , average pore size: 1.47 × 10 -3 m, porosity: 96%) were placed in both reactors with a volume ratio of 12.5% (m 3 m -3 ). The air was supplied through a sparger placed at the bottom of the vessel with a flow rate of 0.3 m 3 m -3 min -1 . Five flat membrane modules composed of ten polyolefin membranes were set up along the wall of the reactor not to interrupt the fluidization of carriers and suspension in the HS. In addition, as shown in Fig. 1(B) , supplemental air spargers were also installed at the bottom of the membrane to maintain a stable membrane flux by preventing an attachment of adhesive substances. The total membrane area and mean pore size were 1.31 × 10 -1 m 2 and 4.0 × 10 -7 m, respectively. The reactor volume was 1.2 × 10 -2 m 3 for both systems. Activated sludge taken from a municipal wastewater treatment plant was acclimated by a fill-and-draw mode for two weeks to be completely retained into the polyurethane cubes before continuous operation. During the acclimation period, the suspended microbes could automatically enter the porous cube due to fluidization and they proliferated in the cube. Complex artificial wastewater (CAW) containing polypeptone (Jung et al., 2001 ) and artificial wastewater containing urea (UAW) were used in the experiment, the components (B) Hybrid system of a carrier and membrane system (HS). Membrane module is composed of two plane membranes in both sides of which are shown in Table 1 . Concentrations of organic carbon and total nitrogen in both CAW and UAW were 200 (g-carbon) m -3 and 20 (g-nitrogen) m -3 , respectively. The reactor system was operated at room temperature, approximately 25°C. The liquid temperature of the reactor was (21 ± 2)°C.
Analytical methods
Time courses of NH 4 + -N, NO 2 --N and NO 3 --N concentrations in CAW and UAW were measured by ion-chromatography (SCL-10A; Shimadzu Co., Japan). Total nitrogen (T-N) concentrations in CAW and UAW were measured by a spectrophotometer (BioSpec1600; Shimadzu, Japan) after oxidation of nitrogen compounds by potassium peroxodisulfate.
Carbonaceous concentration was measured in terms of total organic carbon (TOC) concentration by a TOC analyzer (TOC-5000A; Shimadzu, Japan). The concentration of mixed liquor suspended solid (MLSS) was determined by the methods described previously (Xing et al., 1992) .
Batch operation
In batch operation, the initial net production rates of the nitrogen compounds by using CAW and UAW were measured to examine the mechanism of nitrogen removal from each artificial wastewater. The porous carrier retained microbes after two-week acclimation were placed in a 1-liter glass vessel with a volume ratio of 12.5% (m 3 m -3 ). The intracarrier MLSS concentration was about 15,000 g·(m -3 -carrier) and that of suspension was adjusted at about 300 g m -3 . The batch operation was also carried out at room temperature.
Continuous operation
Continuous operations in the HS and CS were performed simultaneously. The hydraulic retention time was 9 h. The time courses of concentrations of TOC, T-N and MLSS in suspension and a carrier were measured. The influent and effluent were controlled by using a suction pump (RP-NE3; Furue Science Co., Japan) as shown in Fig. 1 . The suction pressure was monitored by a pressure gauge to check the membrane fouling. When the membrane fouling occurred due to an attachment of microbes and/or adhesive substances produced by microbes, the physical washings, wiping by soft sponge and back washing of the membrane, were conducted to recover the membrane flux every 3 or 4 days.
Results
Batch operation
The time courses of total nitrogen, NH 4 + -N, NO 2 --N and NO 3 --N in CAW and UAW are shown in Fig. 2 . The initial conversion rates of various nitrogen compounds were measured from these time courses ( Table 2) . The initial production rates of NH 4 + and NO 3 -using CAW were lower than that using UAW, while the initial removal rate of total nitrogen using CAW (-2.08 (g-nitrogen)·m -3 ·h -1 ) was about two times higher than that using UAW.
Day course of MLSS concentration
In the continuous HS, the MLSS concentration in effluent was extremely small and the generated sludge was accumulated in the reactor with a lot of protozoa and metazoa. The time courses of MLSS in the HS and CS during the continuous operation using CAW are shown in Fig. 3 . In the CS, the MLSS concentration in suspension was maintained at approximately 4 × 10 2 g m -3 during the operation period, while in using UAW that was about 2 × 10 2 g m -3 (data not shown). On the other hand, in the HS, firstly the MLSS concentration in suspension increased to about 8 × 10 3 g m -3 and it was stable for 30 days, and then increased again. At day 68, the membranes were removed from the reactor in the HS to recover the fluidity of carriers in the suspension.
TOC and T-N removal rate
During the continuous operation using CAW, the effluent TOC concentrations in the HS and CS were about 10 g m -3 and 20 g m -3 , respectively (data not shown). The high removal ratio of TOC in the HS, more than 90%, was considered to be due to the retention of heterotrophic bacteria at high concentration. The time course of T-N using CAW is shown in Fig. 4(A) . The T-N removal ratios were more than 80% in both the HS and CS. On the other hand, the T-N removal ratios from UAW in the HS and CS were respectively 90% and 50% (Fig. 4(B) ), while the TOC removal ratios were about 90%. The low removal ratio of T-N from UAW in the CS seems to be caused from the difficulty of urea degradation by a small amount of nitrifiers in the CS.
Discussion
Mechanism of nitrogen removal
From the results of Fig. 2 , the decreases of T-N concentration and NH 4 + -N concentration in CAW were different from those in UAW. In the batch operation, initial activated sludge was the same and its concentration was adjusted at 300 g m -3 in both wastewaters (CAW and UAW). Therefore, these different conversion rates of nitrogen were not due to the variety of microbial population, but rather difference of nitrogen availability in wastewater. As shown in Figs. 2(A) and (B), the NH 4 + -N formation rate in using CAW was slower than that in using UAW, while the T-N reduction rate in using CAW was faster than that in using UAW. It means that the nitrogen in CAW was immediately taken into microbes. Furthermore, in both continuous operations of the CS and HS, the MLSS concentration of suspension in using CAW was approximately 2 times higher than that in using UAW. From these results, it is possible that the nitrogen removal from CAW was mainly due to the microbial assimilation, while the most of nitrogen removal from UAW was due to nitrification and denitrification. Based on the above consideration, the prospective transitions of urea and polypeptone in the nitrogen removal process are summarized in Fig. 5 . It is possible that after the nitrogenous compounds in CAW were rapidly reduced by assimilation as presumed in the batch operation, they were transformed into nitrogen gas by nitrification and denitrification following sludge degradation. The results in the batch operation and continuous operation indicate that the HS is a more effective system to remove the nitrogen from both wastewaters (CAW and UAW) than the CS. In other words, comprehensive activities of nitrification and denitrification were higher in the HS than those in the CS. Even though a large amount of sludge degradation lead to reduction of generated sludge in the HS, the high concentration of nitrogen was not detected in the bulk. This phenomenon implies that a lot of microbes capable of nitrification and denitrification were retained in the HS. Therefore, even though wastewater contains urea, the HS can decrease the nitrogen concentration from the wastewater by nitrification and denitrification as well as from the wastewater containing polypeptone as shown in Fig. 4(A) .
Total MLSS concentration in continuous operation
In the continuous operation of the HS using CAW, during the steady state at the first stage, a lot of metazoa, such as Aelosoma sp. and Pristina sp., appeared in suspension, carrier and biofilm on the membrane surface. Furthermore, because the reactor in the HS could retain slow-growing microbes at higher concentration, the amount of metazoa in the HS was more than in the CS. After about 40 days, however, the MLSS concentration in the HS gradually increased as shown in Fig. 3 . At that time, the dissolved oxygen (DO) concentration in the suspension synchronously decreased from 4 g m -3 to less than 0.1 g m -3 . TOC concentration was also low, less than 5 g m -3 . From the microscopic observation, it was found that the filamentous bacteria were abundant and the number of metazoa decreased. The reason why the MLSS concentration increased seems to be due to the change of microbial consortium derived from low DO and TOC concentrations in the system. In this study, the MLSS was estimated only in terms of weight, because the overall characteristics caused from MLSS in the carrier and in the bulk were investigated. However, since the intracarrier microbial activities are affected by operation conditions, it is necessary to investigate the microbial population and their activities in the carrier for further details.
Decrease of the amount of generated sludge
The much higher predators such as protozoa and metazoa exist in activated sludge, the less sludge is generated because of the increasing ratio of the energy for its resolving Welander, 1996a, 1996b) . The sludge is considered to become the biodegradable or non-biodegradable sludge after its death (Nelson and Lawrence, 1980; Roe and Bhagat, 1982) . The autolysis rate of the viable sludge which can be biologically degraded is written as the following linear equation.
Assuming the death rate also follows a linear equation, an apparent proliferation rate of viable sludge can be described as Eq. (2).
Under the steady state, a biological sludge retention time (SRT) of viable sludge, θ v , can be led from Eq.
(2) as follows.
Here, SRT of the total sludge in the system θ s is described as Eq. (4).
It is known that the increase of SRT causes the decrease of specific proliferation rates, µ v and µ, because of the decrease of the substrate concentration in the reactor. Generally, in the continuous operation the autolysis rate constants, b v and b, decrease as SRT in the reactor increases. However, because the SRT in the HS was theoretically infinity, it seems that the diversity of the sludge age was wide due to sludge retainment in the reactor and the aged sludge enhanced the autolysis of viable sludge. Therefore, the longer SRT in the HS resulted in restraining decreases of b v and b. In addition, using hydraulic retention time (HRT), θ h , the substrate consumption rate can be described as follows. Under the steady state, the apparent proliferation rate of viable sludge will be close to zero. It is possible that the specific autolysis rate and the death constant become constant in Eq. (2) and the ratio of viable sludge is also led to become constant from Eq. (6). These results show that the increase of SRT results in maintaining the viable sludge concentration in the reactor and leads to enhancement of the autolysis in the reactor from Eq. (1). Figure 6 shows the amounts of excess sludge from the HS and CS in using both CAW and UAW. The continuous operation periods in CAW and UAW were 67 days and 37 days, respectively. After more than one-month operation, the all amounts of sludge in the reactor in the HS were less than one fourth of those exhausted from the CS regardless of the type of wastewater. This result implies that retained microbes, protozoa and metazoa in the HS took the role of reducing the amount of excess sludge compared with those in the CS due to the increased autolysis rate and prey. Fig. 6 Amounts of excess sludge from the CS and HS in CAW (using polypeptone) and UAW (using urea). The operation periods were 67 days and 37 days in CAW and UAW, respectively the porous carrier and the membrane system, respectively. 
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